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Abstract The overturning circulation in the Red Sea exhibits a distinct seasonally reversing pattern and
is studied using high-resolution MIT general circulation model simulations. In the first part of this study, the
vertical and horizontal structure of the summer overturning circulation and its dynamical mechanisms are
presented from the model results. The seasonal water exchange in the Strait of Bab el Mandeb is success-
fully simulated, and the structures of the intruding subsurface Gulf of Aden intermediate water are in good
agreement with summer observations in 2011. The model results suggest that the summer overturning cir-
culation is driven by the combined effect of the shoaling of the thermocline in the Gulf of Aden resulting
from remote winds in the Arabian Sea and an upward surface slope from the Red Sea to the Gulf of Aden
set up by local surface winds in the Red Sea. In addition, during late summer two processes associated,
respectively, with latitudinally differential heating and increased salinity in the southern Red Sea act
together to cause the reversal of the contrast of the vertical density structure and the cessation of the
summer overturning circulation. Dynamically, the subsurface northward pressure gradient force is mainly
balanced by vertical viscosity resulting from the vertical shear and boundary friction in the Strait of Bab el
Mandeb. Unlike some previous studies, the three-layer summer exchange flows in the Strait of Bab el Man-
deb do not appear to be hydraulically controlled.
1. Introduction
The Red Sea is a narrow and long semienclosed basin, lying between the Asian and African continents and
extending from 12.5N to 30N in the NW-SE direction. The average depth in the Red Sea is approximately
490 m, but an axial trench with depths >2000 m exists. The Red Sea is connected to the Gulf of Aden and
the Indian Ocean by the Strait of Bab el Mandeb (referred to as the strait hereinafter), which is an approxi-
mately 150 km long channel (Figure 1). The shallowest sill, the Hanish Sill, is located at the northern end of
the strait, and the narrowest contraction is located at the Perim Narrows in the southern end of the strait
[Murray and Johns, 1997; Sofianos et al., 2002]. In the northern end two small gulfs, the Gulf of Suez and the
Gulf of Aqaba are connected to the Red Sea. The Gulf of Suez is a shallow basin with maximum depths
<100 m. In contrast, the Gulf of Aqaba is a miniature of the Red Sea with maximum depths >1800 m and is
connected to the Red Sea through a 260 m deep sill in the Strait of Tiran.
The Red Sea is a concentration basin where one of the most saline water masses (>40 psu) is produced due
to excess of evaporation over precipitation and limited water exchange with the open ocean through the
strait. This saline water is exported through the strait as a deep outflow, reaches its neutral buoyancy level
around 800 m after intensive mixing with ambient fresher water in the Gulf of Aden, and spreads laterally
as a subsurface salinity maximum in the Indian Ocean [Bower et al., 2000; Beal et al., 2000].
There have been no direct current observations of the overturning circulations associated with the forma-
tion and export of the saline water mass in the Red Sea. While the temperature and salinity are almost uni-
form below the pycnocline (200–300 m) in the Red Sea, distributions of geochemical tracers, such as 14C
and 3He, and dissolved oxygen concentration suggest a two-cell overturning circulation structure in the Red
Sea [Cember, 1988; Eshel et al., 1994]. On top is an overturning cell composed of a surface mean inflow and
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a mean outflow immediately
below the pycnocline. Addition-
ally, there exists a deep opposing
weaker overturning cell consist-
ing of a bottom southward flow
and an intermediate returning
northward flow at about 500 m
[Cember, 1988]. The deep cell is
thought by Woelk and Quadfasel
[1996] to be driven by overflows
from the Gulf of Suez formed
intermittently during anoma-
lously cold winters. However,
observations [Plahn et al., 2002;
Manasrah et al., 2004] suggest
that the densest water mass in
the northern Red Sea is supplied
from the Gulf of Aqaba. The
boundary between these two
overturning cells is readily identi-
fied by the contrast of the dis-
solved oxygen concentration; the
water mass formed from the con-
vection in the shallow cell is dis-
tinguished from the Red Sea
Deep Water (RSDW) by its much
higher dissolved oxygen concen-
tration [Woelk and Quadfasel,
1996; Sofianos and Johns, 2007].
This water is referred to as the
Red Sea Intermediate Water
(RSIW) here and constitutes most
of the deep outflow in the strait [Sofianos and Johns, 2003, Yao et al., 2014]. As suggested by the observa-
tions of Sofianos and Johns [2007], the RSDW also possibly contributes to the deep outflow in the strait. The
deep outflow consisting of the RSIW and RSDW in the strait is referred to as the Red Sea Outflow Water
(RSOW). In this study we focus on the shallow upper overturning cell.
The shallow overturning circulation in the Red Sea is found to have a drastic seasonally reversing pattern
[e.g., Smeed, 1997]. During winter, a typical vertical distribution of water properties for a convective over-
turning is established, consisting of a surface layer with gradually increased salinity and decreased tempera-
ture northward and a cold and high-salinity deep layer [e.g., Patzert, 1974]. In contrast, summer
hydrographic observations along the axis of the Red Sea clearly show a subsurface intrusion of the Gulf of
Aden Intermediate Water (GAIW) represented by fresher and colder waters [Maillard and Soliman, 1986;
Sofianos and Johns, 2007]. The 18 month long-term observations of the water exchange in the strait during
1995–1996 described by Sofianos et al. [2002] confirms that this seasonal overturning pattern is a robust
feature. In winter, a typical two-layer exchange structure, with a fresher inflow from the Gulf of Aden on top
of an outflow from the Red Sea, is established. In summer months (June to September), this circulation pat-
tern is changed to a three-layer structure: a surface outflow from the Red Sea on top of a subsurface intru-
sion of the GAIW and a much weaker (even vanishing) deep outflow. In paleoclimate studies, Biton et al.
[2008, 2010] found in their simulations using the MITgcm that the seasonal transition to a three-layer
exchange flow in the strait is a robust feature under very different atmospheric conditions and sea levels
during the glacial and interglacial periods.
The Red Sea is subject to seasonally varying atmospheric forcing, which is responsible for driving the sea-
sonal overturning circulation in the basin and water exchange through the strait. The annual mean net fresh
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Figure 1. Bathymetry of the Red Sea. Contours intervals are 500 m starting from 100 m.
The model domain is indicated by the black box. Boundary conditions are specified in
the Gulf of Aden along the eastern side of the domain.
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water loss over the surface is esti-
mated to be 2.06 6 0.22 m yr21,
and the heat flux has a relatively
small annual mean heat loss of
11 6 5 W m22 but a large annual
cycle with a range of about 200
W m22 [Sofianos et al., 2002].
Influenced by the Indian mon-
soon, the summer surface wind
field (June to September) in the
southern Red Sea reverses from
southeasterly to northwesterly,
while the winds in the northern
Red Sea remain northwesterly
throughout the year (Figure 2).
Meanwhile, the winds in the Gulf
of Aden also change from east-
erly to westerly in summer.
Because of its elongated shape,
the overturning circulation in the
Red Sea or a similar idealized
basin is often treated two-dimensionally in analytical or modeling studies [Phillips, 1966; Tragou and Garrett,
1997; Finnigan et al., 2001]. However, three-dimensional modeling studies have shown that the circulation
in the Red Sea exhibits complex spatial structures [Clifford et al., 1997; Eshel and Naik, 1997; Sofianos and
Johns, 2002, 2003; Biton et al., 2008, 2010]. In Sofianos and Johns [2002, 2003], an isopycnic modeling simula-
tion forced by monthly climatology atmospheric forcing simulated energetic meso-scale eddies and bound-
ary currents both along the western coast and the eastern coast. Even though the basic seasonal
overturning structure is captured, the detailed vertical structures of the overturning circulation in the Red
Sea are not well established due to the coarse resolution (10 km) of the model. The dynamical processes
that drive the seasonal overturning circulation remain obscure. Furthermore, recent studies by Belkin [2009]
and Raitsos et al. [2011] suggest that there has been a rapid warming trend in the Red Sea since the last
decade, and understanding the warming mechanisms also requires a clearer dynamical picture of the circu-
lation in the Red Sea.
Aiming to study the three-
dimensional structure of the gen-
eral circulation and its seasonal
and interannual variability, we
ran a high-resolution MITgcm
(MIT general circulation model)
[Marshall et al., 1997] simulation
for about 50 years, forced with
high-frequency realistic atmos-
pheric forcing. The seasonal vari-
ability of the overturning
circulation is the focus of this
two-part study, and the interan-
nual variability of the overturning
circulation throughout the 50
year long simulation will be
explored in a forthcoming paper.
This study is divided into two
parts. The first part is focused on
the summer overturning and




























Figure 2. Annual cycle of the surface wind stress (Pa) rotated along the axis of the Red
Sea averaged from the NCEP reanalysis data in 1980. Positive values indicate wind stress
toward northwest. The surface winds in the south Red Sea reverse from southeasterly to
northwesterly in summer (June to September).






























1995 − 1996 in model
1995 − 1996 in observations
Figure 3. Ensembles of seasonal volume transports through the strait for the 50 years of
simulation. The volume transports for 1995–1996 from the model simulation and obser-
vations from Sofianos et al. [2002] are plotted. Also plotted are the transports averaged in
50 years and in 1980 from the model results.
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model validation, and the second part, presented in [Yao et al., 2014], is focused on the winter overturning
and its driving mechanisms. A recent joint KAUST/WHOI survey in September-October 2011 collected exten-
sive hydrographic and current data along the eastern coast in the Red Sea north of 17N. This survey pro-
vides detailed data regarding the structure of the intruding flow and is used as a benchmark to validate the
summer model results. The rest of the paper is organized as follows. A brief description of the model config-




















































































































Figure 4. Development of the summer overturning circulation in the Red Sea. Stream functions (Sv) integrated across the basin are plotted
for (a) June, (b) July, (c) August, and (d) September in 1980.
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evolution of the summer over-
turning circulation is described
and validated against available
observations. In section 4, differ-
ent forcing mechanisms of the
summer intrusion, including the
shoaling of the thermocline in
the Gulf of Aden, surface wind
stress in the Red Sea, surface
heat flux, and hydraulics in the
strait, are analyzed for the
dynamical mechanisms of the
summer reversal of the overturn-
ing circulation.
2. Model Configuration
The MITgcm is based on the primi-
tive Navier-Stokes equations
under the Boussinesq approxima-
tion. It is operated in this study in
hydrostatic mode with an implicit
free surface. Equations are written
in z coordinates and discretized
using the centered second order
finite differences approximation in
a staggered ‘‘Arakawa C-grid.’’ The
model domain consists of the Red
Sea, the Gulf of Aden, the Gulf of
Suez, and the Gulf of Aqaba, with
an eastern open boundary
located at the Gulf of Aden (Figure
1). The model grids are defined
on curvilinear coordinates rotated
along the axis of the Red Sea, and
in the following result description
the along-basin and cross-basin
velocities are referring to, respec-
tively, the velocities in the direc-
tion along the axis and across the
basin. The bathymetry of the
basin is derived from the ETOPO2
data with corrections of depth at
the Hanish Sill to 160 m according
to Sofianos et al. [2002]. A shal-
lower sill depth of 137 6 3 m was
identified for the Hanish Sill [Lam-
beck et al., 2011]; however, since
the deep part of the channel
around the Hanish Sill is very nar-
row (2 km) [see Sofianos et al.,
2002], the effect of the sill depth
difference is considered minor in
our model study of the general
circulation in the Red Sea. The



























Figure 5a. Surface currents and salinity (psu) averaged from June to September in 1980.
The blank region along the eastern coast between 16 and 18N represents the shallow
banks with complex bathymetry that are not well resolved in the model.



























Figure 5b. Surface currents and salinity (psu) averaged from June to September for the
climatological mean.
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average horizontal resolution is
approximately 1.8 km, fine enough to
resolve the narrow strait in the south-
ern Red Sea. The resolution gradually
increases to about 1.4 km in the north,
which can resolve moderately the
Strait of Tiran. The vertical grid is
defined on 25 levels, whose depths
increase from 10 m at the surface to
442 m near the bottom. The K-profile
parameterization [Large et al., 1994] is
used for the vertical mixing scheme.
The model is initialized with World
Ocean Atlas 2001 [Stephens et al.,
2002; Boyer et al., 2002], forced with
the 6 hourly, NCEP reanalysis [Kalnay
et al., 1996] atmospheric data set with
an approximate spatial resolution of
1.875 3 1.905 . The open boundary
condition of temperature, salinity, and
horizontal velocity components are
specified with data from the Estima-
tion of the Circulation and Climate of
the Ocean (ECCO) project [K€ohl and
Stammer, 2008].
The MITgcm simulation used in this
study differs from the previous mod-
eling studies of the Red Sea by Sofia-
nos and Johns [2002, 2003] in several
important aspects, such as different
vertical coordinate formulation (z
level versus isopycnic), much higher horizontal resolution (1.8 km versus10 km), realistic high-frequency
forcing without correction to the atmospheric forcing, and realistic open boundary conditions.
After a 10 year spin-up run with the NCEP atmospheric forcing in 1952, a near 50 year simulation is followed
from January 1952 to December 2001, during which the ECCO data are available for the open boundary
conditions. Since our focus here is the seasonal variability, both results from a specific year and from clima-
tological mean in all 50 years of simulation are analyzed. We choose the year 1980 at random to represent
the seasonal circulation. Another experiment without the surface wind stress forcing is run from 1978 to
1981 to examine the direct role of the wind stress in the Red Sea, but the ECCO boundary conditions and
the heat flux and freshwater flux are kept the same.
3. Model Results
3.1. Surface Wind Stress
The annual cycle of the monthly surface wind stress along the axis of the Red Sea for 1980 is shown in Fig-
ure 2. The seasonal pattern follows closely the climatological mean structure shown in Sofianos and Johns
[2001]. During the winter monsoon months from October to May, the winds converge around 20N in the
Red Sea. In summer, the surface winds over the whole Red Sea are northwesterly in the whole basin. The
heat flux and the fresh water flux over the surface of the Red Sea are presented in [Yao et al., 2014] because
they are the main atmospheric forcing in the winter overturning circulation.
3.2. Volume Transports Through the Strait
The seasonal exchange flow pattern through the strait, including the transition from the two-layer struc-
ture to the summer three-layer structure, is a robust feature in the 50 year run, even though some





















Figure 6. Sea surface height anomalies (m) in the Red Sea in August averaged from
the AVISO data from 1993 to 2010.
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Figure 7. Currents and salinity (psu) at 80 m from June to November in 1980. The locations of the two observed transects are indicated by
two lines in the plot for September.
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interannual variability is also evident (Figure 3). The annual cycle of the volume transports of the surface
water, GAIW, and RSOW in 1995–1996 compare very well with the observed results in the same period by
Sofianos et al. [2002]. Compared with Sofianos and Johns [2002] model results, the amplitudes and phases
of the exchange flows are in better agreement with the observations, particularly the weak summer RSOW.
The volume transports in 1980 have an overall similar shape to the mean transports, and this justifies the
use of the result in 1980 to give a representative description of the annual cycle of the seasonal overturn-
ing circulation.
3.3. Development of the Summer Overturning Circulation
As discussed in detail in [Yao et al., 2014], during the months from October to May, the winter-type over-
turning circulation in the Red Sea is present. From June to September, the overturning circulation in the
Red Sea that drives the water exchange in the strait is reversed from the winter overturning circulation and
consists of a surface outflow and a subsurface inflow that upwells inside the basin. Due to the elongated
shape of the Red Sea, the overturning circulation structures are readily represented by stream functions,
which are obtained by integrating the along-basin volume transports across the basin. The monthly mean
stream function as a function of depth and latitude from June to September are shown in Figure 4. The
summer overturning cell is first established in the upper 120 m in the southern basin in June, while the win-
























































Figure 8a. Vertical sections of (top) salinity (psu), (middle) temperature (C), and (bottom) cross-section velocity (m s21) at 17N, from the
model data averaged in September 1980.
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gradually toward the north and reaches 24N in September, when the winter overturning cell diminishes
almost completely. The maximum overturning rate of 0.5 Sv occurs around 16N in August.
3.4. Summer Surface Circulation
The surface currents superimposed on the salinity field averaged from June to September from the
1980 model results are presented in Figure 5a. The surface current field is characterized by a chain
of alternating cyclonic and anticyclonic eddies, which appears to be more energetic than the
summer model results in Sofianos and Johns [2003]. These eddies are associated with much stronger
currents than the overturning circulation, with speed as fast as 0.5 m s21. It is interesting to note
that the eddies north of 24N are dominated by cyclones located around 25N and 27N, respec-
tively, whereas the eddies south of 24N are dominated by anticyclones located around 18N, 20N,
and 23N, respectively. The anticyclonic features in the southern Red Sea are consistent with the observa-
tional results in Sofianos and Johns [2007] and Quadfasel and Baudner [1993]. In a summer synoptic survey in
2001, Sofianos and Johns [2007] identified three anticyclonic eddies located at 23N, 21.2N, and 18.6N. In
Quadfasel and Baudner [1993], depressions of the isotherms from hydrographic data suggest the locations of a
permanent eddy around 23N, and two seasonal eddies around 20–21N, and 17–18N, respectively. In fact,
these eddies appear to be persistent in summers as suggested by the climatologically averaged surface current
























































Figure 8b. Vertical sections of (top) salinity (psu), (middle) temperature (C), and (bottom) cross-section velocity (m s21) at 18N, from the
model data averaged in September 1980.
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1993–2010 data are shown in Figure 6. The locations of the anticyclonic eddies associated with the local sea sur-
face height maxima correspond well with their locations in Figures 5a and 5b. The cyclonic eddy around 27N
in the model is also observed in the altimetry data.
The summer surface salinity in the Red Sea in 1980 increases from about 36 psu around the strait to about
40 psu in the northern part of the Red Sea. It has a similar spatial structure to that in winter [Yao et al.,
2014], except that the summer surface salinity is higher in the southern basin. The surface outflow carrying
relatively salty waters becomes evident only in the southern Red Sea and tends to intensify against the east-
ern coast (Figure 5a).
3.5. Intrusion of the Gulf of Aden Intermediate Water
The inflow in the intermediate depth in the summer overturning circulation is supplied by the GAIW. The
summer observations (south of 17N) in Sofianos and Johns [2007] reveal a complex three-dimensional
structure of the intruding flow in the southern Red Sea. To describe the full cycle of the three-dimensional
structure of propagation and fade of the GAIW inside the basin, the current and salinity fields at 80 m from
the model from June to November are plotted in Figure 7, and the vertical sections for September along
approximately 17N and 18N are plotted in Figure 8. To compare the model results against observations,
two relevant section plots based on the 2011 survey data are presented in Figure 9. The locations of the
observed sections are shown in Figure 7. The spreading pathways for the GAIW for 1980 and the climatolog-
ical mean model results are further investigated on the density surface in Figure 10.
The model shows that from June to September, low-salinity water enters the Red Sea through the























































Figure 9a. Vertical sections of (top) salinity (psu), (middle) temperature (C), and (bottom) cross-section velocity (m s21) from the observa-
tions in 2011 for the southern section shown in Figure 6.
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the intruding GAIW tends to be banked against the eastern coast but is diverted to the interior of
the basin because of its interaction with two anticyclonic eddies centered at about 16.5N and 18N,
respectively, since August. In September, most of the low-salinity water is diverted into the west at
18N, and a small portion of the inflow propagates farther northward along the eastern coast. During
October and November, when the subsurface flow in the strait is reversed, most of the GAIW is
trapped inside the eddy located at 18N and the entire basin south of it, and the low-salinity signal
is gradually weakened by lateral mixing (Figure 7).
The availability of the model data for 1952–2001 prevents direct comparison with the 2011 observation
for the same year. Nonetheless, as shown later in the climatological mean (Figure 10b), the GAIW intrusion
in the Red Sea exhibits a persistent seasonal structure, and the vertical structure of the intruding GAIW in
the southern Red Sea between the 1980 model results and the 2011 observations shows a strong corre-
spondence. In the observed transect around 17N, a well-defined core of GAIW with temperature of about
20C and salinity of 37 psu is located between the depths of 50 and 100 m, banked against the eastern
coast in a narrow band with a width of about 20 km (Figure 9a). The model results at 17N show a very simi-
lar structure of the GAIW except that, for the monthly mean value, the core is wider and deeper, extending
down to 200 m. The lateral spreading of the GAIW into the interior by eddies is present in both the observa-
tions and model results, although not at the exact same locations. In the observation, the GAIW is stirred later-
ally and is manifested as a thin layer with temperature around 24C and salinity around 38 psu between the
depths of 50 and 100 m (Figure 9b). The model result for the section at 18N also captures this feature with simi-
lar distributions of temperature, salinity, and velocity (Figure 8b). The thermoclines are tilted upward at the east-
ern coast both in the model and in the observations. This is consistent with upwelling along the eastern coast























































Figure 9b. Vertical sections of (top) salinity (psu), (middle) temperature (C), and (bottom) cross-section velocity (m s21) from the observa-
tions in 2011 for the northern section shown in Figure 6.
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intermediate intruding GAIW
upwells along the eastern coast
and may supply the southward
surface branch in the summer
overturning circulation as
shown in Figure 4.
Because the core of the inter-
mediate intruding flow shoals
toward the north as indicated
by the overturning stream
functions in Figure 4, the
spreading of the GAIW in the
Red Sea is more accurately
examined by water properties
on density surface. By the end
of September, the salinity on
the density surface r 5 26.1,
where the minimum salinities
are located, suggests the inter-
mediate low-salinity water
reaches north of 22N along
the eastern coast as an unsta-
ble filament and then loses its
salinity characteristics quickly,
mainly due to lateral mixing
(Figure 10a). The overturning
circulation in Figure 4 suggests
the boundary current associ-
ated with the inflow can pene-
trate to 24N in September,
much farther north than the
latitude of 18N as suggested
in the observation in Maillard
and Soliman [1986].
The climatological mean distributions of salinities and currents on r 5 26.1 as shown in Figure 10b confirm
that the spreading of the GAIW in the Red Sea over the 50 year simulation is controlled by two processes.
First, the persistent inflow advects the GAIW northward along the eastern boundary. Although the GAIW is
not clearly distinguishable from the ambient water north of 21N in the Red Sea, the eastern boundary cur-
rent extends north of 24N. This is in agreement with the 2011 summer observations (J. Churchill et al., The
transport of nutrient-rich Indian Ocean water through the Red Sea and into coastal reef systems, submitted
to Journal of Marine Research, 2013), in which a subsurface northward flow extending up to 24N at the
depths 50–80 m was observed along the eastern coast. Second, the unstable eddies south of 18N, even
though without showing persistent mean structures, transport significantly low-salinity GAIW into the inte-
rior of the Red Sea.
4. Forcing Mechanisms of the Summer Intrusion
Because of the coincidence between the reversal of the surface winds in the southern Red Sea and the Gulf
of Aden and the reversal of the overturning circulation, the forcing mechanisms of the summer overturning
circulation in the Red Sea are generally associated with the seasonal Indian monsoon system. However, the
detailed mechanisms involved remain disputable.
Patzert [1974] argues that upwelling in the Gulf of Aden, driven by westerly winds, is the primary reason for


























Figure 10a. Currents and salinity (psu) on the density surface r 5 26.1 for the model results on
30 September 1980.
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depths. In a numerical study with
a global grid, Aiki et al. [2006]
find that remote surface wind
acting broadly over the Arabian
Sea, and not just in the Gulf of
Aden, control the shoaling of the
thermocline in the Gulf of Aden.
Sofianos and Johns [2002] in a
modeling study conclude that
both the direct and indirect
effects of the surface winds are
important in driving the summer
circulation. Using a hydraulic
model driven only by the shoal-
ing of the thermocline in the Gulf
of Aden, Siddall et al. [2002] is
able to produce the intermediate
intrusion in summer, suggesting
a minor direct effect of the sur-
face wind.
As discussed later in this section,
the direct and indirect wind
stress forcing is insufficient to
explain the timing of the intru-
sion in summer. The vertical den-
sity structure changes in the
upper layer resulting from the
latitudinal heating difference
between the Gulf of Aden and
the Red Sea and the salinity
increase from the reversed sur-
face currents in the southern
basin are also important factors.
Siddall et al. [2002] also shows
that the surface temperature
(and therefore the density) acts as a factor controlling the exchange flux in the strait.
The exchange flow through the narrow strait, particularly around the Hanish Sill and Perim Narrows, could
be also limited by hydraulic control if the exchange flows reach the critical speeds. The above various con-
trolling mechanisms for the summer overturning circulation are examined in this section from the model
results in 1980.
4.1. Momentum Balance
In order to investigate the dynamical processes that drive the summer overturning circulation, the along-
basin momentum balances in the Red Sea are examined. The along-basin momentum equation in a coordi-
nate rotated along the axis of the Red Sea,
vt52py=q2fu2ðuvx1vvy1wvzÞ1ðAhvxx1AhvyyÞ1ðAz vzÞz; (1)
states that the time rate of change of the meridional velocity is governed by the summed of the right side
terms, including the pressure gradient force, Coriolis force, advection, horizontal viscosity, and vertical vis-
cosity. Each term in the above equation can be directly diagnosed from the model results. To obtain a rela-
tively steady relation for the momentum balance in the overturning circulation, the momentum equation is
integrated spatially across the basin and along the basin for different regions in the basin and temporally


























Figure 10b. Currents and salinity (psu) on the density surface r 5 26.1 for September in
the climatological mean.
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term, and the lateral friction hori-
zontally integrated from the hori-
zontal viscosity term and the
explicit bottom drag are together
referred to as the boundary fric-
tion term.
The vertical profiles of each term
integrated along the strait from
12.5N to 14.6N are plotted in
Figure 11a. The profile of the
summed terms from the right
side of the equation falls close to
the total tendency term diag-
nosed directly from the model,
and the relatively small magni-
tude of difference confirms the
near-steady balance. Because the
cross-channel velocity in the
strait is limited, the Coriolis force
in the strait is only moderately
strong at middepth. The ageo-
strophic along-channel pressure
gradient is obtained by removing
the Coriolis force from the total
pressure gradient term and is
also plotted in the figure. In the
top layer, the surface wind stress
penetrates the upper 30 m and is
balanced by the pressure gradi-
ent force toward the Red Sea,
which, as shown in Figure 14, is caused by the surface slope tilting downward northward. In the depths 50–
130 m, a strong pressure gradient force is established northward, with the maximum value occurring at
around 80 m
Both the vertical viscosity and boundary friction are similarly important in balancing the subsurface pressure
gradient force in the strait. The vertical viscosity has a relative maximum around 60 m where the interface
of the inflow and outflow, and hence the maximum vertical shear is located (Figure 17). This suggests the
important role of the vertical mixing. The maximum boundary friction takes place around 80–100 m, corre-
sponding to the position of the core of the intruding GAIW (see Figure 16). This suggests that the side drag
in the narrow strait is an important source of friction. In contrast, Smeed [2000] and Biton et al. [2008] con-
sidered the effect of the vertical mixing in the hydraulic models and showed a minor contribution of vertical
mixing for the water exchange in the strait. This discrepancy is probably due to the different representa-
tions of vertical mixing in the models.
The momentum balance in the southern basin is shown in Figure 11b, where the vertical profiles of the
tendency terms integrated between 18N and 20N are plotted. The dominant balance inside the basin is
between the Coriolis force and the pressure gradient force due to strong cross-basin currents. Secondarily,
the surface wind stress in the upper 40 m is balanced by the pressure gradient force resulted from the sur-
face slope and density gradient that increases to the north (see Figure 14). The rest of the terms are much
less significant at all depths. The momentum profiles for other central and northern regions in Red Sea
show basically similar balances.
4.2. Shoaling of the Thermocline in the Gulf of Aden
The shoaling of the thermocline during summer is traditionally considered to be a local response to the
southwesterly winds in the Gulf of Aden and to be confined to the northern coast [e.g., Patzert, 1974].



























Figure 11a. Along-strait momentum balance diagnosed from the model for August 1980
in the strait.
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However, in a recent modeling
study by Aiki et al. [2006], it is
suggested that the meridional
component of the surface wind
stress at the eastern boundary of
the Gulf of Aden drives a surface
outflow associated with Ekman
transport. This surface outflow
determines the shoaling of the
thermocline in the Gulf of Aden
and the seasonal exchange
through the strait. Relatively,
high-resolution observational
data in Bower and Furey [2012]
show that the thermocline in
summer is uplifted by about 50
m in the entire Gulf of Aden
except some smaller scale pertur-
bations associated with eddies.
Figure 12 shows the annual cycle
of the thermocline depth repre-
sented by the 20C isotherm
averaged in the Gulf of Aden for
1980 in the experiment with full
forcing. The effect of the coastal
upwelling on the thermocline
depth is indicated by the 20C
isotherm averaged for the area
north of 12N. The thermocline in
the entire Gulf of Aden is dis-
placed upward from May, reaches the shallowest depth in August, and falls back to the winter depth in
December. The thermocline depth for the coastal area north of 12N is slightly shallower but with a similar
seasonal pattern, suggesting the less significant effect of the coastal upwelling on the thermocline depth
even for the coast. The thermocline depth in the model is for some unknown reason deeper than that
shown in Bower and Furey [2012]. In the experiment with buoyancy forcing only (not shown here), the
annual cycle of the thermocline shows a very similar temporal and vertical structure. This indicates that the
thermocline in the Gulf of Aden in the model is mostly driven by the open boundary conditions from ECCO,
which is consistent with the findings in Aiki et al. [2006].
In the experiment with buoyancy forcing only, the shoaled thermocline in the Gulf of Aden establishes a
reversed pressure gradient at the intermediate depth, which drives a summer reversed exchange through
the strait from June to September but with significantly weaker subsurface inflows (Figure 13). The mean
intrusion rate is reduced from 0.31 Sv in the experiment with full forcing to 0.21 Sv (Figure 14). Compared
with Figure 7, the weaker intrusion in Figure 13 can only reach approximately 17N in September before
losing its distinct water properties.
4.3. Surface Wind Stress in the Red Sea
The surface winds in the Red Sea significantly enhance the reversed summer water exchanges in the strait
and the intrusion of the GAIW as suggested in Figures 7, 13, and 14. As shown in the momentum balance
analysis, the surface wind stress only penetrates to the top 30–40 m approximately, and this raises the ques-
tion of how the winds increase the subsurface intrusion? The volume transport in the strait, pressure differ-
ence at 80 m, and sea surface height difference between the Gulf of Aden (averaged around 12N) and the
Red Sea (averaged around 18N) for experiments with and without surface winds are compared in Figure
14. The volume transports of GAIW are closely related to the pressure differences both in magnitude and in
phase.



























Figure 11b. Along-basin momentum balance diagnosed from the model for August
1980 in the southern Red Sea.
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Figure 14 suggests that the sea
surface height difference in
summer indicates a surface
downward slope toward the
northern Red Sea and hence a
barotropic pressure gradient
force northward toward the Red
Sea. In the surface layer, this pres-
sure gradient force is balanced
by the surface wind stress (Fig-
ures 11a and 11b), which is con-
sistent with the findings from an
analysis of the altimetry data and
the wind stress data in the Red
Sea by Sofianos and Johns [2001].
The barotropic pressure gradient
caused by the surface wind stress
contributes to increase the sub-
surface pressure gradient, adding
to the baroclinic pressure difference caused by the shoaling of the thermocline, therefore, increasing the
strength of the subsurface intrusion in summer (Figure 15).
4.4. Vertical Density Structure Changes in the Upper Layer
Comparison of Figures 12 and 14 shows that the cycle of the subsurface intrusion and pressure difference
are not aligned with the annual cycle of the thermocline depth in the Gulf of Aden. The intrusion occurs
from June through September, while the thermocline stays uplifted above the pre-June level till December.
Since the intrusion without surface wind stress forcing follows a similar cycle with decreased amplitudes, it
cannot be explained by the cycle of the summer surface wind stress.
To explore additional controlling mechanisms for the reversal of the intermediate water in October, the
water properties for August and October in the upper layer in the Gulf of Aden and in the Red Sea are
examined in Figure 16, where vertical profiles averaged around 12N and averaged around 18N, respec-
tively, are displayed. The temperature in the upper 80 m in the Gulf of Aden undergoes marked warming
by about 1.5C from August to October, which is also indicated in Figure 12. Meanwhile, the salinities also
show only a slight increase. As a result, the water in the upper 80 m in the Gulf of Aden becomes less dense
from August to October. In contrast, the water in the upper 80 m in Red Sea undergoes a general salinity
increase with maximum values of about 0.5 psu occurring at the surface, while the temperatures remain rel-
atively constant from August to October. The density in the Red Sea in the upper 44 m increases slightly
from August to October (Figure 16a). The changes of water properties in the upper layer in the Gulf of Aden
and the Red Sea leads to the reversal of the density difference and pressure difference (Figures 16b and
16c). In August, the water in the upper 60 m in the Gulf of Aden is denser than that in the Red Sea, and this
contributes to a northward pressure gradient for the upper 100 m. In October, the changes of water proper-
ties in the upper layers reverses the density difference and hence the pressure gradient and reversal of the
intrusion of the intermediate water.
These changes of water properties from August to October can be explained by two processes. First, owing
to the seasonal solar path in the Red Sea region, the summer heat flux from the solar insolation in the
southern Red Sea and the Gulf of Aden has a complex temporal and spatial variation that can affect the
summer overturning circulation. For instance, during July and August the central Red Sea receives more
insolation than the Gulf of Aden, while during September the Gulf of Aden has a larger heat gain for short-
wave radiation than in the southern Red Sea. This results in two separate surface temperature maxima in
June and October in the Gulf of Aden. The higher temperatures, particularly in October, reduce the density
in the upper layer in the Gulf of Aden as shown in Figure 16a. Second, the reversal of the winter overturning
circulation in early summer stops the supply of relatively fresh water from the Gulf of Aden for the upper
layer in the Red Sea, and at the same time the surface salinity in the southern Red Sea is increased by the






















Figure 12. Annual cycle of the thermocline depth represented by the 20C isotherm (the
thick contour line) in the Gulf of Aden in 1980 in the experiment with full forcing. The 20C
isotherm for the area north of 12N in the Gulf of Aden is indicated by the white line.
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4.5. Hydraulics in the Strait
An unsettled question concerning the exchange between the Red Sea and Gulf of Aden is whether this
exchange is hydraulically controlled. Certainly the Perim Narrows and Hanish Sill are constrictions that could
potentially exert hydraulic control and thereby limit the information that can pass into the Red Sea from


















































Figure 13. Currents and salinity (psu) at 80 m for (a) June, (b) July, (c) August, and (d) September in 1980 for the experiment without wind forcing.
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properties of the Red Sea are locally determined, is complicated by the seasonal reversal of the exchange
flows and the transition from a two-layer exchange structure in winter months (October-May) to a three-
layer exchange structure in summer months (June-September) (Figure 3).
For a two-layer exchange flow in a channel with a rectangular section and no transverse variation, there are
two internal long waves, each corresponding to a first baroclinic mode. The critical condition is reached




where Fiði51; 2Þ is the Froude number for layer i. The flow is supercritical when G2> 1, meaning that the
layer velocities are sufficiently strong that the two waves propagate in the same direction. In the most likely
controlled setting, the two waves would propagate toward the Gulf of Aden, and thus the information flow
would be in one direction. For the three-layer exchange flows in the strait, two internal wave modes, each
associated with two waves, are present, and the critical conditions are more complicated. Smeed [2000]
derives the critical condition for a three-layer model with rectangular cross section and uses this model to
simulate the response of the exchange flows to the seasonal variation of the thermocline depth in the Gulf of
Aden.
Based on the measurements by Murray and Johns [1997], Pratt et al. [1999, 2000] found that the monthly
mean summer flow at the Hanish Sill and the Perim Narrows is subcritical with respect to the first and sec-
ond internal modes. This conclusion was based on the computation of modes from both a three-layer sys-
tem and a system with continuously varying velocity and stratification. However, the data were only
available at the sill and narrows, and the cross-channel shear of the horizontal velocity was neglected in
their studies. The authors note that friction could shift the control point away from the sill or narrows.





























































Figure 14. Annual cycles of water exchange through (top) the strait, (middle) pressure difference at 80 m, and (bottom) sea surface height
(SSH) difference between the Gulf of Aden (averaged around 12N) and the Red Sea (averaged around 18N) in 1980.
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The critical condition of the exchange flows that takes account the cross-channel variation of horizontal veloc-































































































w12 and w23 are the width of the interface between the first and the second layer, and the second and the third
layer (if exists), respectively. Also, xLi and xRi ði51; 2; 3Þ are, respectively, the left and right boundary locations in
the transverse direction of each layer, Diði51; 2; 3Þ is the depth of each layer (each assumed constant), Viði51;
2; 3Þ is the velocity of the flow in each layer, g0215gðq22q1Þ=q, g0315gðq32q1Þ=q, g0325gðq32q2Þ=q, with qiði
51; 2; 3Þ being the density for each layer, q the mean density, and g the gravitational acceleration, and






3 can interpreted as generalized layer Froude numbers.
As suggested by the volume transports in Figure 3, the three-layer exchange structures, hence the hydraul-
ics, in the strait are constantly evolving during the summer overturning circulation from June to September.
The exchange structures in the model along
the strait for June and August are shown in
Figures 17 and 18, respectively, with the for-
mer representing the stage when the two-
layer winter exchange structure has just tran-
sitioned to the three-layer exchange flows
and the latter representing the stage when
the summer subsurface intrusion peaks. The
temperature, salinity, density, and along-
channel velocity averaged across the strait,
together with the layer Froude numbers for
each layer, calculated with equation (4), are
plotted in these figures. During June, a rela-
tively cold and fresh water tongue below 50
m shows up in the southern entrance of the
strait, and the relatively warm and salty deep
waters associated with the deep outflow is
suppressed there (Figure 17). In contrast to
the limited presence of the relatively cold
and fresh intruding water, the subsurface
inflow is fully established in the whole strait
and in the southern Red Sea, and the surface
flow is reversed from the winter direction.
During August the exchange has a quasi-
two-layer structure, with the deep outflow


















Figure 15. Vertical profiles of pressure difference between the Gulf of Aden
and the Red Sea averaged from the model results in August 1980.
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diminished almost completely (Figure 18). The interface between the upper outflow and lower inflow is
located at about 50 m along the strait. The lower layer is composed of cold and low-salinity water with
almost uniform properties and is separated by a strong thermocline from the warmer and saltier upper
layer.
For both months, the mean along-channel velocities in each layer, hence the layer Froude numbers, vary
along the strait, reflecting the changes of the geometric area across the strait (Figures 17 and 18). North of
the Perim Narrows, the lateral contraction over the whole depths in the strait increases the mean velocities
and the layer Froude numbers in all three layers. Around the Hanish Sill (but not on the sill), the lateral con-
traction occurs below the surface layer and, therefore, only increases the mean velocities and Froude num-
bers in the middle layer and bottom layer. The mean velocities on the sill are not locally increased due to a
relative wide cross section there.
In order to examine the criticality
of the exchange flows from the
layer Froude numbers along the














where b5 w2ð12rÞw3r . Equation (5)













on which the critical
conditions for the three-layer
exchange flows are satisfied. For a




defines curves on the plane of ð~F 21;
~F
2
3Þ on which the critical conditions
are satisfied, and these critical
curves divide the ð~F 21; ~F
2
3Þ plane into
several regions that correspond to
flows being, respectively, subcritical,
provisionally supercritical with
respect to one wave mode, and pro-
visionally supercritical with respect
to both waves modes (see detailed
discussion in Sannino et al. [2009].
The qualifier ‘‘provisionally’’ is
used because the wave speeds
may also be imaginary, in which
case the hydraulic interpretation is
clouded).
Following the method used in Pick-
art et al. [2010], we use the esti-







along the strait to assess the
hydraulic states of the three-layer
exchange flows. For each transect
in the strait, the critical curves in
the ð~F 21; ~F
2
3Þ plane can be plotted



























































Figure 16. Changes of the water properties in the upper layer from August to October.
Vertical profiles of temperature and salinity in the Gulf of Aden (averaged around
12N) and the Red Sea (averaged around 18N) for August and October are shown in
the T-S diagram of Figure 16a, and the numbers denote the depths. The profiles of
density difference between the Gulf of Aden and the Red Sea in August and October
are shown in Figure 16b. Positive values indicate larger values in the Gulf of Aden. The
profiles of pressure difference resulted from the density difference between the Gulf
of Aden and the Red Sea are shown in Figure 16c.
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Figure 17. Cross-channel averaged salinity, temperature, vertical density, along-channel velocity, and layer Froude number along the strait
for June 1980. The black triangle in the bottom panel marks the location of the section in Figure 19.
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Figure 18. Cross-channel averaged salinity, temperature, vertical density, along-channel velocity, and layer Froude number along the strait
for August 1980. The black triangle in the bottom panel marks the location of the section in Figure 19.
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for the estimated w3w2
~F
2





3Þ can be located on the plane to determine the criticality
at the section. Figure 19 shows the results from June to September at one section around the Perim Nar-
rows, where the maximal velocities and Froude numbers in all three layers occur due to the narrowing of
channel over the whole depths (Figures 17 and 18). For every summer month, the critical curves deter-
mined by the estimated value of w3w2
~F
2





3Þ plane into three regions, with the
region closest to the origin corresponding to subcritical flow and the farthest corresponding to provision-
ally supercritical flow with respect to both wave modes. The intermediate region corresponds to flow that
is provisionally supercritical with respect to just one wave mode [refer to Sannino et al., 2009] for detailed
discussion). In spite of the different vertical structures of the three-layer exchange flows in the strait dur-
ing the months from June through September, all the hydraulic states represented by the dots lie well
within the subcritical region (Figure 19). Results for other sections in the strait, with smaller Froude
numbers, lie even closer to origin in the subcritical region. These results suggest that the water exchanges
in the strait during the summer overturning circulation are substantially subcritical. This conclusion is
consistent with the lack of any prominent hydraulic jump along the strait as shown in Figures 17 and 18
and is also supported by the minor role played by advection in the along-strait momentum balance
(Figure 11a).
These findings come with several caveats. One is that the findings of subcriticality apply only to the monthly
mean flow. It is possible that hydraulic transitions occur in instantaneous fields over certain time intervals.
Second, the model sill depth of 160 m exceeds the value 137 m measured by Lambeck et al. [2011]. As a
crude estimate of the sensitivity to this discrepancy, we increase velocities at the sill (and decrease the layer
thicknesses there), in proportion to the ratio 160/137. The layer Froude numbers at the sill increase, but the
sill flow remains subcritical, largely because of the large lateral extent occupied by the upper layer. Finally,
the complete lack of hydraulic control seems surprising given that the deep outflow (our layer 3) can be cut
off in August. This chocking off of the lowest layer certainly suggests the sort of blocking behavior generally
associated with a hydraulic control that is acting preferentially on the lowest layer. One might therefore
expect to see some signs of such a control in July, but this is not the case.
Figure 19. Three-layer hydraulics in the strait around the Perim Narrows at the marked location in Figures 17 and 18. (a–d) Cross sections of along-channel velocity (color shading, m
s21), potential density anomaly (white contours, kg m23) from June to September 1980. The black lines indicate the zero contours of along-channel velocity. (e–h) Hydraulic states on
the ð~F 21; ~F
2
3Þ plane for the corresponding sections.
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5. Conclusions
The reversal of the overturning circulation in summer is the most prominent seasonal feature in the Red
Sea, and the intrusion of the cold, low-salinity, and nutrient-rich GAIW at intermediate depths is of particular
interest because of its potential effect on the biological system in the southern part of the Red Sea [Trianta-
fyllou et al., 2014] (Churchill et al., submitted to, 2013). The objectives of this modeling study are to examine
the evolution of GAIW in the Red Sea and to identify the forcing mechanisms that control the amplitude
and phase of the intrusion. These results are also important for paleoclimate studies; e.g., Biton et al. [2010]
suggested a proxy of the intensity of the summer monsoon based on the assumption that the summer
monsoonal winds are responsible for the intrusion of GAIW.
The MITgcm simulation successfully reproduces the seasonal exchange pattern in the strait, and the
summer intrusion is a robust seasonal feature in the summer overturning circulation in the model. The verti-
cal structure of the summer overturning is revealed for the first time in the model results. The maximum
extension of the summer overturning cell in the model reaches almost 24N, indicative of a much stronger
cell than in previous study by Sofianos and Johns [2002].
Horizontally, the relatively cold and fresh GAIW in the model forms an eastern boundary current in the
southern Red Sea at the depths of 50–100 m. The summer circulation is dominated by anticyclonic eddies
in the southern Red Sea. The intrusion of the GAIW is strongly affected by the eddies and is diverted into
the interior of the basin from the boundary current during the summer intrusion. The GAIW is trapped in
the eddy and gradually mixed with the ambient waters when the overturning circulation is reversed back
to the winter type in October and November.
Three forcing mechanisms, including shoaling of the thermocline in the Gulf of Aden, surface wind stress in
the Red Sea, and latitudinal heating difference, are identified in the model to be important in controlling
the amplitudes and phases of the intrusion. In agreement with the conventional ideas, the model results
suggest that the shoaling of the thermocline in the Gulf of Aden is capable of introducing a northward pres-
sure gradient and driving the subsurface intrusion. However, the remote winds in the north Indian Ocean
through the ECCO open boundary conditions, instead of local upwelling, are more important in driving the
shoaling. This is consistent with the recent modeling study in Aiki et al. [2006] and observations in Bower
and Furey [2012]. Therefore, the open boundary conditions in the Gulf of Aden are critical for successful sim-
ulation of the summer overturning circulation.
The surface winds in the Red Sea substantially enhance the overturning circulation and the intrusion
of the GAIW as revealed in the model. In the upper layers where the wind stress can penetrate, the
surface winds drive the surface outflow directly. A surface slope downward toward the north is
established to balance the surface wind stress. At intermediate depths, the surface slope tends to
increase the northward baroclinic pressure gradient and the intrusion. Additionally, the latitudinal dif-
ferential heating by solar insolation in late summer increases the temperature in the upper layer in
the Gulf of Aden but decreases the surface temperature in the Red Sea, and the reversed surface
currents increase the salinity in the upper layer in the southern Red Sea. These two processes act
together to modify the vertical density structure both in the Gulf of Aden and in the Red Sea, there-
fore, to change the pressure gradient force that drives the subsurface intrusion. These two processes
are important to explain the mismatch in the phase between the shoaled thermocline in the Gulf of
Aden and the cessation of the intrusion.
The hydraulic states in the strait are rigorously examined using the critical conditions for the three-layer
exchange flows. The exchange flows in the strait during the summer months do not appear to be hydrauli-
cally controlled. This means that the circulation in the Red Sea is ‘‘freely’’ influenced by the conditions in the
Gulf of Aden. At the intermediate depths, the vertical viscosity and lateral friction in the strait act on the
intruding flow to balance the northward pressure gradient force.
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